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Abstract
Currently, cancer accounts for nearly 1 of every 4 deaths in the United States
which rates it as the second most common cause of death in the US, exceeded only
by heart diseases. The detection, prevention and treatment of these death-causing
diseases have necessitated and led to the development of novel tools for interfacing
with single live cells –intracellular cell physiology. A major challenge, preventing the
realization of effective and efficient intracellular physiology, is the lack of minimally
invasive, nanoscale electrodes capable of probing cells without causing cell damage
or death. Previous studies have succeeded in fabricating single nanoscale
electrodes suitable for cell probing, but in this research, we introduce the controllable
fabrication of Multibore Carbon Nanopipettes (MCNPs) –nanoscale probes with
multiple, independent hollow carbon nanoscale electrodes within one very small tip –
in three stages: (i) forming templates by pulling micropipettes from theta glass
capillaries (pipette pulling); (ii) selectively depositing carbon via CVD on the lumen
walls of the micropipette (carbon deposition); and (iii) exposing the two carbon
nanostructures formed at the micropipette tip with selective wet-etching (carbon
exposure).
These MCNPs, suitable for cell probing, also incorporate a multifunctionality
that is yet to be seen in existing microelectrodes. Here, we present the step-by-step,
repeatable methodology in fabricating MCNPs, the governing parameters at different
stages of fabrication and the effects of varying these parameters. We establish that
the MCNP geometry can be defined at the pulling stage, where the taper length and
diameter of the pipette have an inverse relationship; carbon thickness is defined at
the carbon deposition stage and the carbon exposure stage defines the exposed
carbon length. We also showed the capability of our MCNPs for intracellular injection
by demonstrating their effectiveness in fluid transport and delivery. The fabrication
technique offers a repeatable and low cost process of manufacturing MCNPs,
thereby making it a commercially viable nanomanufacturing technique that will
enable numerous intracellular applications beyond cell probing. Finally, the
continuous development of the MCNPs for these numerous intracellular applications
may bring about a reform in single cell analysis, biomedical research and disease
pathology research.
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CHAPTER 1
INTRODUCTION
This chapter introduces the research in a broad picture. We discuss the
societal context and motivation of our research, and how the successful results here
can improve current available technology in biological applications. These current
technologies and their tools are also discussed here and results from some of the
works that have focused on them are highlighted. The draw backs in these current
technologies are explained and we introduce a novel tool that helps overcome these
drawbacks. We also give an overview of the fabricating procedure of our novel tool
and the advantages they offer over the existing tools. Finally, we introduce the steps
taken to show their capability for one of their future applications.
1.1

MOTIVATION
In the United States, approximately 2.4 million people die every year from a

variety of causes. The figure below (Fig 1.1) shows the number of death for the 15
leading causes of death in the United States for 2013. Clearly, heart disease and
cancer are the leading causes of death, accounting for more than 45 % of all annual
deaths in men and women over the age of 45 [1]
High blood pressure, also called hypertension, is a prevalent medical
condition that remains a leading risk factor for heart diseases. Based on data
gathered from 2007 to 2010, the center for disease control and prevention released
statistics showing that about 33% of US adults have hypertension. As a result of lack
of symptoms, about 18% of people with hypertension do not know they have it and
only 53% of those who know have the condition controlled to target levels. The next
leading risk factor for heart diseases is diabetes. Approximately 19.7million American
1

adults (8.3%) have been diagnosed with diabetes mellitus, and 8.2 million have
undiagnosed diabetes mellitus. Medical records have also shown that prevalence of
diabetes mellitus is on a dramatic increase rate [2].

Death Population
Total: 2,596,993 (2013)

Diseases of heart
Malignant Neoplasms
Chronic lower respiratory diseases
Cerebrovascular disease
Accidents
Alzheimers disease
Diabetes Mellitus
Nephritis, nephrotic syndrome and
nephrosis
Influenza and Pneumonia
Suicide
Septicemia
Chronic liver disease and cirrhosis
Essential hypertension and hypertensive
renal disease
Parkinson's disease
Pneumonitis due to solids and liquids
Assault
All other causes

Figure 1.1: Top 15 death causing diseases; Data from Centre for Disease Control & Prevention
[1]

Malignant neoplasm, commonly known as cancer, is the uncontrolled growth
and spread of abnormal cells in the body. Cancerous cells are usually malignant,
thus, in most cases, leading to death. Currently, cancer accounts for nearly 1 of
every 4 deaths in the United States which rates it as the second most common
2

cause of death in the US, exceeded only by heart diseases. Approximately
Approxi
1,660,290 new cancer cases have been reported for 2013. Also, in 2013, about
580,350 Americans are expected to die of cancer; almost 1,600 people per day [3].
The Centers for Disease Control and Prevention also report that the global death
rate of cancer is approximately 7.6 million people per year. The World Health
Organization (WHO) projects
cts that without immediate action, the global number of
deaths from cancer will increase by nearly 80% by 2030.

Figure 1.2: A decade’s trend in the top two causes of death;
death Data from Centre for Disease Control
& Prevention [1]

3

4

Table 1.1:Death Population from the top 15 causes of deaths (2003 – 2013); Data from Centre for Disease Control & Prevention [1]

Despite the prevailing data and statistics of diseases, the National Geographic
reports that an increase in surviving diagnosis of these diseases is possible, if they
can be detected earlier [4]. Its importance has led to various scientific research
works to investigate the causes and aggravation of these diseases [5-11]. T. Chang
and L. Wu reviewed the causative linkage between hypertension development and
increased Reactive Oxygen Species (ROS) production [11]. They report that an
increase in ROS production alters the strength and direction of cellular signaling
streams, reduces Nitric Oxide, NO bioavailability, and damages structural and
functional integrity of cardiovascular tissues, all of which contribute to the
development of hypertension. In another study, it was reported that of all the
carcinogens humans are exposed to, the most significant might be the reactive
species derived from the metabolism of oxygen and nitrogen [12]. Many others have
linked ROS and Reactive Nitrogen Species (RNS) with other disease, including
diabetes [7], inflammatory bowel diseases [13], neurodegenerative diseases, e.g.
Alzheimer’s [14] and others. Consequently, the need to detect and measure the
concentration of ROS/RNS in human cells is of significant interest.
Research focused on cellular ROS/RNS measurement, to a large extent,
involve cell physiology –the biological studies of different cells, their mechanisms,
and interaction with their surrounding environment. Unfortunately, current technology
available for ROS/RNS measurements is either too large, non-selective or even toxic
causing irreparable cell damage.

5

1.2

CURRENT TECHNOLOGY
As discussed earlier, statistics from the CDC have shown that heart diseases

and malignant neoplasms (cancer) have been the prevailing causes of death in the
United States in the past decade and as a result, research has taken a dive into cell
physiology studies in order to study the causes and aggravation of these diseases.
However, these studies require the use of minimally invasive, nanoscale cell probes
to penetrate the membranes of single live cells without causing cell damage or
death.
In the detection of intracellular NO (one of the Reactive Nitrogen Species,
RNS), a fluorescence marker that has proved somewhat successful is
Diaminofluoresceins (DAFs) which have been shown to detect NO in cells [15].
Although DAFs are excellent probes for NO detection, their sensitivity has been
found to be sometimes insufficient to measure NO in living cells because they
monitor only the products of NO oxidation, and thus, their fluorescence response
depends on the kinetic and thermodynamic properties of NO oxidation [16, 17]. Also,
Iron complexes have been reported to detect NO in aqueous environments, but
some show diminished fluorescence [18, 19 ] while others are air-sensitive [20]. Lim
and Lippard devised fluorescence-based NO sensors, comprised of transition metal
complexes with coordinated fluorophores to detect the reduction of Cu(II) to Cu(I) by
NO [16]. Their observations indicate that Cu (II) complexes can be used to sense
nanomolar concentrations or higher of NO in both organic and aqueous
environments.
Despite the fact that fluorescence can be used to deduce differences in
healthy and unhealthy cells and tissues [15-23], it cannot be made selective for a
particular analyte – e.g. NO. Rather than detect just NO in a cell, the fluorophore
6

collectively detects the amine functional group in the proteins present in the cell, thus
making it difficult to explicitly measure only NO concentration in cells. Other
limitations of fluorescence in ROS/RNS detection are photo-induced electron transfer
(PeT) – in which an electron is transferred to the fluorophore at the excited state
from an electron donor moiety (or vice-versa) that is introduced near the fluorophore.
If this process occurs, the excited state of the fluorescent molecule is quenched,
resulting in cytotoxicity, auto-fluorescence, and small extinction coefficient of the
fluorophore probes [17], low fluorescence intensity and auto-oxidation [24] and
photo-bleaching [25].
Current probes available for cellular electrochemistry are, at best, the same
size as single live cells. In most cases, they are larger than the cell being analyzed,
thus cell contact or penetration is avoided so as to reduce the potential for cell
damage. Consequently, electrochemical studies have been limited to extracellular
electrochemistry, which depends on cell exocytosis. Results obtained through cell
exocytosis can be affected by a number of factors, some of which include cell
membrane physicochemical properties [26], extracellular osmolarity [27, 28], ionic
extracellular composition [29], external temperature [29, 30], and other external
environmental factors [31]. These factors lead to the degradation of molecular
signals.
Glass micropipettes are among the most widely used tool for cell physiology.
Their tip diameters can range from hundreds of nanometers to a few micrometers in
size [32]. Compared to cell size (about 10 -30µm), these micropipettes are relatively
large and can cause irreparable damages to cells leading to cell necrosis. Asides
this, the fragile nature of glass and its insulating characteristic make it difficult to use
in some intracellular applications like electrochemistry.
7

The need for less delicate tools that facilitate non-invasive cell physiology has
resulted in the fabrication of a variety of tools that can minimally invade cells, as well
as perform intracellular applications [33-42]. One common goal in these fabrications
is to produce nanoprobes with tip sizes relatively and comparatively smaller than
those of the glass micropipettes. One such nanoprobe of direct relevance to this
study is the work done by Schrlau et al [42]. Here, they manufactured Single bore
Carbon Nanopipettes (SCNPs) and were able to show applications in drug delivery,
fluid injection and in monitoring cell behavior. On account of the presence of only
one singular identifiable tip, the functionality of SCNPs is greatly limited. In turn, this
work focuses on Multibore Carbon Nanopipettes – a pipette with multiple electrodes
at its tip for multiplexed fluid delivery, electrical sensing or a combination thereof.

1.3

MULTIBORE CARBON NANOPIPETTES (MCNPS)
With our basis on previous work by Schrlau et al [42], we manufactured

multiple, individually addressable carbon nanotubes within one very small tip. This
was achieved in three major fabrication stages;
(1) Pulling multi-bore glass capillaries into multibore pipettes.
(2) Depositing carbon on the inner surface (lumen) of the multibore pipettes via
Chemical VaporDeposition (CVD).
(3) Etching the carbon-laden glass pipettes at the tip to expose the underlying
multiple carbon nanopipettes.
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A

B

Glass

1

Glass

Form
Template

Carbon

Lumen
CVD
Carbon

2

Deposit
Carbon

10 µm

C

3

Carbon
Tip #1

Septum Divide

Etch

Expose
Carbon

500 nm

1 µm

Carbon
Tip #2

Figure 1.3: A) Schematic of the MCNP fabrication. B) SEM micrograph of MCNP showing
presence of two carbon tips (boxed region). C) SEM micrograph showing two nanoscopic tips.

Figure 1.3 shows the schematic and image of our MCNP. These MCNPs offer
a tip-size advantage over the glass micropipettes, as their method of fabrication
ensures that the inner diameter of the glass micropipette serves as the outer
diameter of the MCNP. Also, flexibility, in the form of a carbon tip as compared to a
glass tip, was incorporated at the tip –the interface between the probe and the cell.
This incorporation of flexibility will also be achieved without weakening the rigidity of
the entire pipette, as rigidity is important in the handling of the pipette. The presence
of glass all over the pipette, but the tip, serves as a functional advantage in this
regard.
Finally, the existence of multiple, independent, and conductive carbon
channels make our MCNPs multifunctional. The MCNP by itself has multiple
electrodes at its tip, which can be specified as working and reference electrodes for
9

electrochemistry. Also, the multiple carbon channels are hollow all through the entire
length of the pipette. This makes them capable of intracellular fluid injection and drug
delivery, with a plus being that different fluids and drugs can be delivered via the
different channels at the same time.
An advantage in utilizing this technique was having a vast manufacturing
control over our MCNPs from start to finish. We were able to control the tip sizes of
the MCNPs by specifying adequate values for each of the various pulling parameters
at the pulling stage. During carbon deposition, varying CVD parameters allowed us
to control the thickness of deposited carbon on the lumens of the glass
micropipettes. Finally, at the etching stage, the length of the exposed carbon was
controlled by varying the etching time.
We also showed the capability of the MCNPs in intracellular applications. In
this research, we particularly focused on intracellular injection. This was done by
showing their effectiveness in fluid injection. The specific tasks done here are:
(1) Identifying pipettes that have geometries suitable for fluid ejection.
(2) Depositing carbon films that are thick enough to form a stable carbon
structure but not enough to clog the tips of the MCNPs.
(3) Etching away the glass from the tip of the micropipette to expose less than
20µm lengths of the underlying carbon nanostructures.
(4) Carrying out fluid ejection trials on the MCNPs

10

1.4

SUMMARY
In this chapter, we motivated the need for new, minimally invasive technology

that will aid in the effective and efficient diagnosis, measurement and ultimately
treatment of unhealthy cells for prevalent diseases. We also introduced a novel,
multifunctional carbon-based nanoprobe that will provide new capabilities for single
cell analysis.
In the next chapter, we give a detailed background on the techniques used in
the detection and measurement of ROS/RNS, the current technology used, their
disadvantages and inherent setbacks and a way to overcome these setbacks.
Chapter 3 gives a comprehensive step by step fabrication method of a novel tool,
Multibore Carbon Nanopipettes (MCNPs), which will overcome the setbacks
presented by tools used in current technology. Chapter 4 characterizes these
MCNPs according to their step-by-step fabrication and also explains the various
trends observed at each stage. Chapter 5 brings to light our previous and failed
attempts in fabricating MCNPs. We show the gradual progression of results from our
failed attempts to the current successfully fabricated MCNPs. We show the capability
of our MCNPs for fluid injection, in Chapter 6. First, we describe the necessary
variations integrated in fabricating injection-style MCNPs and then compare the
results with the regularly fabricated MCNPs. We conclude this research in Chapter 7
by summarizing our motivation for this research, re-iterating the successful results
obtained from our work and suggest areas for future research focus.
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CHAPTER 2
BACKGROUND
This chapter discusses ROS/RNS and gives a detailed explanation of the
existing technologies in their detection and measurement. We explain the various
fabrication techniques for tools used in detecting and measuring these species, their
advantages and disadvantages, as well as their applications as seen in previous
works. A different fabrication technique, with advantages over the existing
techniques is also introduced here. We give an overview of its fabrication details,
and its success in being an effective tool in its applications. We also iterate how this
fabrication technique will be used as a basis for the fabrication of our MCNPs.

2.1

REACTIVE OXYGEN SPECIES AND REACTIVE NITROGEN SPECIES
Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) act

together to damage cells, causing nitrosative stress. Therefore, these two species
are often collectively referred to as ROS/RNS.
2.1.1 Reactive Oxygen Species
ROS are either oxygen-centered free radicals, which contain one or more
unpaired electrons in their outer electron orbit (thus their instability), or reactive nonradical compounds. Examples of their states of existence include:
1. Molecules, e.g. Hydrogen peroxide, H2O2, Oxygen O2
2. Ions e.g. Hydroxyl ion OH-, hypochlorite ion OCl3. Radicals e.g. hydroxyl radical, *OH.
4. Superoxide anion*O2-, which is both an ion and a radical.
12

2.1.2 Reactive Nitrogen Species
Reactive nitrogen species (RNS) are a family of antimicrobial molecules
derived from nitric oxide (··NO) and superoxide (O2·−). The primary RNS formed is
peroxynitrite (ONOO−) according to the reaction below;
·NO + O2·− → ONOO−
Other types of RNS are nitrogen dioxide (·NO2) and dinitrogen trioxide (N2O3)
which are formed from subsequent reactions of peroxynitrite.
ONOO− + H+ → ONOOH (peroxynitrous acid)
ONOOH → ·NO2 (nitrogen dioxide) + ·OH (hydroxyl radical)
ONOO− + CO2 (carbon dioxide) → ONOOCO2− (nitrosoperoxycarbonate)
ONOOCO2− → ·NO2 (nitrogen dioxide) + O=C(O·)O− (carbonate radical)
·NO + ·NO2

N2O3 (dinitrogen trioxide)

Recently, nitric oxide (NO) has been recognized
recognized as one of the major agents in
the immune system. This molecule is produced by the enzyme nitric oxide synthase
(NOS) and plays a variety of regulatory functions in vivo. Despite these beneficial
bene
effects, different research works are leading to the hypothesis
thesis that NO and/or NOS
may affect DNA repair mechanisms and thus posing as a harmful agent in various
pathophysiological conditions including cancer [9, 14, 43].. This has inadvertently led
to the study of the concentration
ncentration of the contents in biomolecules e.g. DNA, RNA and
proteins. Due to these emerging clinical needs, the materials for diagnosis are
needed to be efficiently produced, highly sensitive and quantitative to detect and
monitor the biomolecules, as well
we as bio-entities,, e.g. cancer cells. Hence,
H
the
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development of simple, reliable, and sensitive probes has become a strong, current
scientific priority [34].
2.1.3 ROS/RNS measurement
FLUORESCENCE
Fluorescence relatively achieves a high level of sensitivity, though limits of
detection depend on the properties of the sample to be measured. The high spatial
and temporal resolution achieved makes it an extensively used technique in
biological applications. Simply defined, fluorescence is the emission of visible light
from molecules that have absorbed light or other electromagnetic radiation. It also
occurs when molecules are excited to higher electronic states by energetic electron
bombardment. For single cell analysis, fluorescence proffer non-destructive and
noninvasive tools for the diagnosis of pathological states like cancer. It can be used
to detect changes in cell (and tissue) concentrations and forms due to various
pathologic states. Generally, there are two widely used detection methods of
fluorescence – spectroscopy and microscopy. Fluorescence spectroscopy is the
detection and analysis of the spectrum of the emitted electromagnetic radiation.
Here, molecules are excited to a higher energy level by exposing them to
electromagnetic radiations. These molecules, on collision with themselves, lose
energy and go back to their low-energy state (resting state). The lost energy is
emitted in the form of electromagnetic radiation of some energy and wavelength.
Fluorescence spectroscopy evaluates the physical properties of the emitted radiation
by analyzing its intensity and also the chemical properties by analyzing its character
[44]. In one of the studies done, Kirkpatrick et al [21] showed that metabolic changes
in response to the treatment of cancer cell lines could be measured using
fluorescence spectroscopy. They treated cells using varying concentrations of N-414

(hydroxyphenyl)-retinamide (4HPR) and carried out fluorescence spectroscopy on
the cells. They report that the redox signal of the cells varied according to the 4HPR
concentration. In fluorescence microscopy, on the other hand, cells are stained or
labeled with fluorophores that have affinity for particular analytes, usually functional
groups of proteins. These fluorophores (mostly do not fluoresce by themselves)
attach themselves to the functional groups. This attachment (reaction) results in
fluorescence which can be viewed and monitored under a fluorescence microscope.
In the work done by Barragan [22], fluorescence microscopy was carried out
on B16 cells of mouse melanoma that have been treated with sytox dye that
exclusively gives the nucleus of the cells a green color. The cells were stained with
porphyrins that highly fluoresce with an intense red color emission. The intracellular
accumulation of the porphyrins in the nucleus of the cell was observed from their
yellow (green + red) fluorescent pattern obtained by confocal fluorescence
microscopy. Reports have also been documented that using molecular-specific
contrast agents together with fluorescence microscopy could improve the detection
and characterization of premalignant lesions [23]. This development could aid in
facilitating tumor detection and demarcation.
ELECTROCHEMISTRY
Another broadly used technique is electrochemistry. Electrochemical
techniques for biosensing are extremely quantitative and extensive techniques in the
detection and measurement of ROS/RNS that offer a high temporal resolution. As
the name suggests, electrochemistry is the study of changes that cause electrons to
move from one element to the other in a reaction known as oxidation-reduction
reaction (redox).
15

As shown in Figure 2.1,
2.
electrochemical measurements
involve placing electrodes into a
solution (electrolyte), applying a
current (or potential) and measuring
the corresponding
nding potential drop (or
Figure 2.1: Schematic showing the general

current flow) caused by the movement

anatomy of an electrochemical cell

of electrons. In its simplest form,
electrochemistry measures the

potential difference (or current flow) between two electrodes (anode and cathode or
working electrode and reference electrode) placed
placed in an electrolyte.
Electrochemical techniques use the three basic electrochemical signals –
potential, current and charge – in an electrochemical cell as the analytical signals.
These basic signals give rise to various experimental techniques that can
c be broadly
grouped into bulk techniques and interfacial techniques. For cell concentration
analysis, the interfacial techniques are used, in which the potential, current or charge
depends on the species present at the interface between an electrode and the
electrolyte (cell solution). Two main interfacial electrochemical techniques are cyclic
voltammetry (CV) and amperometry.
mperometry. In CV, a time-dependent
time dependent potential is applied to
an electrochemical cell and the resulting current is measured as a function of
potential.
ential. Here, the potential is scanned in both the positive and negative directions
resulting in the oxidation and reduction of the species. Scanning in both directions
provide the opportunity to explore the electrochemical behavior of species generated
at the electrode. Amperometry on the other hand, involves keeping the potential of
the working electrode constant and measuring current as a function of time. Both
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these techniques find great use in the quantitative analysis of clinical samples.
Amperometry, particularly, is suitable for the rapid analysis of a single analyte.
In general, various works have been done on cell concentration analysis using
these electrochemical techniques outside the cell. This is known as extracellular
electrochemistry [27]. In this technique, the cell solution is analyzed outside the living
cell. Here, researchers take advantage of the cell exocytosis, i.e. the release of
intracellular solution into the immediate environment of the cell, by the cell itself.The
basis of the extracellular electrochemical techniques is that a potential is applied to
either reduce or oxidize the extracellular chemical at the sensor surface. The
measured current is then related to the concentration of the chemical in the region of
the sensor [45].
Extracellular electrochemistry has been performed in various research to
detect ROS/RNS in cells. The detection of hydrogen peroxide (H2O2), an essential
marker of oxidative stress, was carried out by Arbault et al [46]. In this work, a
platinized carbon microelectrode was used to monitor oxidative stress responses on
single human skin fibroblasts in the presence of catalase o-dianisidine, a substrate
for peroxidases. Variations in the amperometric current showed that H2O2 was the
major detected component of the cell response. In the detection of NO, Malinski et
al [47] used a modified carbon fiber microelectrode with diameter in the range 2 – 5
µm, recessed (5 – 6 µm) within a catheter tip. Exocytosis of an endothelial cell was
induced and NO present in the cell solution was detected using amperometry. NO
concentration was found to depend largely on the distance between the electrode tip
and the cell membrane, where the maximum value was observed when the electrode
tip was closest to the cell membrane. However, Malinski et al were able to show that
NO release was lower in unhealthy cells. They also found that this release was
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highly sensitive to superoxide dimustase (SOD) and thus concluded that a large part
of the NO produced by the cell was not detected by the electrode.
All of these above mentioned works, from fluorescence to electrochemistry,
are seen to predominantly involve cell physiology. Unfortunately, fluorescence does
not give the kind of high signal-to-noise ratio required for these types of cell
physiology studies. Also, the specificity of fluorophoresfor particular analytes, for
instance NO, is almost impossible, and their toxicity continues to be of high concern.
Extracellular electrochemistry on the other hand, involves cell exocytosis and results
obtained can be affected by a number of factors, some of which include cell
membrane physicochemical properties [26], extracellular osmolarity [27, 28], ionic
extracellular composition [29], external temperature [29, 30], and other external
environmental factors [31]. These factors lead to the degradation of molecular
signals. Thus, concentration values of analytes using either of these techniques are
not completely accurate.

2.2

CELLULAR NANOPROBES
Various works have shown different methods and approaches of

nanoelectrode fabrication for cell probing [38, 39, 48]. Yum et al. developed a
method to produce a 100nm-diameter nanoneedle with a high length-to-diameter
aspect ratio [40]. The fabrication involves attaching a boron nitride nanotube (BNNT)
to a metal microelectrode probe. The assembly is coated with a thin layer of metal
(e.g. Au, Ag, Pt) and then another layer of insulating polymer is applied. The end of
the coated BNNT is cut off to expose the BNNT and metal coating. Yum et al were
able to use the nanoneedle, together with another metal-coated nanowire as a
reference electrode, for electrochemical sensing inside picoliter volume
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microdroplets to mimic intracellular environments. In addition to having a good
conductivity at the tip, this electrode is flexible. Despite its ability to perform
intracellular electrochemistry using a second reference electrode, its fabrication
requires the nanoassembly of various materials, thus making it cumbersome to
manufacture. Also, its functionality is limited because its fabrication involves the
attachment of a hollow tube to a solid metal microelectrode probe, which makes it
impossible for fluid transport. Lastly, the tip of the nanoneedle results in just a single
electrode, thereby requiring a second electrode (reference electrode) to probe cells
for intracellular electrochemistry.
Another approach in the fabrication of nanoelectrodes for cell probing is the
manufacturing of carbon nanotube (CNT)-based probes. Singhal et al made a CNTbased endoscope by placing a CNT at the tip of a glass pipette, using a flow through
technique [33]. The structure, consisting of a carbon nanotube sealed at the end of a
glass pipette tip, could probe intracellular environment with a spatial resolution of
~100 nm and could also access organelles without disrupting the cell.
Niu et al fabricated a CNT - based endoscope for in situ intracellular SurfaceEnhanced Raman Spectroscopy (SERS) [41]. The endoscope was made by
decorating CNTs with gold particles using an electrostatic functionalization
technique. The decorated CNT was then attached to the tip of a pulled glass pipette.
The small tip-size of the endoscope made it possible to penetrate cell membranes
without causing damage to the cells. As a result of this, DNA and other biomolecules
were detected in the nucleus of a single human cervical carcinoma cell in a minimally
invasive manner. These techniques described above produce endoscopes that are
conductive, thus can be used for electrochemical detections. The endoscopes are
also hollow, thus, multifunctional, as they can be concurrently used for
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electrochemistry and fluid transport. Unfortunately, these endoscopes require
nanoassembly, thus making them difficult to consistently reproduce. Also, the
endoscope has just one nanoelectrode at its tip, which limits its functionality for
multiplexed fluid delivery, electrical sensing or a combination of both.
To avoid cumbersome nanoassembly techniques, carbon nanopipettes
(CNPs) were fabricated via chemical vapor deposition (CVD), where a hollow and
conductive nanoprobe was made by depositing carbon on the inner lumens of
standard glass micropipettes. The presence of the standard glass micropipettes
allowed for a smooth interfacing with standard micromanipulators and fluid injectors.
2.3

SINGLE-BORE CARBON NANOPIPETTES (SCNPS)
Schrlau et al. developed a process for manufacturing CNPs [42]. First,

catalyst was deposited on the inner lumen of quartz capillaries by filling the inner
lumens with 18mg ferric nitrate in 25ml Isopropanol (IPA) solution and allowing it to
air dry. Next, the capillaries are pulled into micropipettes to form a template. Then,
carbon was selectively deposited on the catalysed surfaces of the pulled pipettes
using CVD. CVD is a chemical process that entails the thermal decomposition of a
precursor gas. The process is shown in its simplest form in Figure 2.2. It involves
passing a precursor gas through a tubular reactor at high temperature, for some
time. The deposition can be controlled by varying the temperature, deposition time
and flow rate of the precursor gas. Schrlau et al carried out CVD using argon as a
carrier gas and methane as a precursor gas at flow rates of 300 and 200 sccm
respectively, and temperature of 900˚C. The thickness of deposited carbon was
controlled by the deposition time (~30nm at 2h, ~80nm at 4h). Finally, to expose the
carbon tips, the carbon-laden pipettes were etched in 5:1 Buffered Hydrofluoric Acid
(BHF) to remove the quartz layer.
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Figure 2.2: Schematic of a CVD set up

This technique of fabrication requires no nanoassembly which is a significant
advantage compared to the other discussed methods of fabrication. The CNPs with
tip diameters less than 1µm were easily reproduced using this fabrication technique
and in large quantities. It was shown that CNPs could probe cells in a minimally
invasive manner and this ability of CNPs, together with their hollow nature, allows for
their application in intracellular electrochemistry, drug delivery
delivery and fluid injection.
Here, CNPs were used to effectively deliver calcium mobilizing messengers into live
cells without damaging the cells [49]. Also, advantages of CNPs (smaller size, easier
spatial control, resistance to clogging and higher durability) over glass micro injectors
were identified.
Another demonstrated application for CNPs was the monitoring of living cell
behavior in real time and high spatial resolution [50].. The CNPs were used to record
cellular
lar responses to ionic enrichment. With this development, cell machinery can be
studied and also, cellular response to various drugs can be evaluated. Schrlau and
Bau describe the advantages
dvantages of CNPs in cell nanosurgery
nanosurgery over glass micropipettes
and metal electrodes [51].. CNPs have high mechanical strength and good electrical
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and thermal conductivity which allows for the intracellular measurement of electrical
signals. Also, their hollow nature allows for the transportation and injection of fluid
into cells.
The described process in Schrlau et al. was used to manufacture CNPs using
single barrel capillaries [42].The technique does not require nanoassembly and it is
easily repeatable to give a consistent structure. Also, the CNPs can be reproduced in
bulk without the use of relatively expensive equipment or machineries, thus making it
cost effective. The resulting CNPs can be used for drug delivery, as well as fluid
injections. They can also be used for electrochemistry, but, just like other probes,
[33, 40] the presence of just one singular tip limits its functionality for multiplexed
fluid delivery, electrical sensing, or a combination of both.
However, in this research, we utilized the techniques described by Schrlau et
al [42] to incorporate multiple carbon tubes at the tip of our pipettes. To this end,
multi-bore capillaries (in place of single bore capillaries) were pulled into
micropipettes, carbon was deposited on the inner lumens of the pipettes through
chemical vapor deposition (CVD), and the pipette tips were etched to remove the
glass and expose the multiple carbon nanotubes at its tip. This process resulted in
the production of glass-based MCNPs consisting multiple, independent carbon
nanostructures at their tips.
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2.4

SUMMARY
Here, we discussed the two major techniques used in the detection and

measurement of ROS/RNS; Fluorescence and Electrochemistry. Fluorescence is
seen to have a high spatial and temporal resolution but suffers from low signal-tonoise ratio, non-selectivity, and toxicity. Electrochemistry offers selectivity and high
signal-to-noise ratio but is limited to extracellular electrochemistry by the sizes of
current electrodes. Limits in current technology led to various works focused on the
fabrication of small-sized electrodes suitable for intracellular injection and sensing.
Although promising, these probes consist of a single tip and some require
nanoassembly, both of which hinder use in single cell analytics. We also
summarized the fabrication of MCNPs with multiple independent electrodes at their
tips, making it possible to use them for both intracellular fluid delivery and sensing.

23

CHAPTER 3
METHODOLOGY
The step-by-step
step procedure
proc
for the fabrication of MCNPs is discussed in this
chapter. We give a detailed description of how to form our templatess at the pulling
stage, the equipment used, and the variable parameters involved. The next stage,
carbon deposition, shows
hows the CVD set up and highlights the governing parameters.
The relative effects that these parameters have on the deposited carbon thickness
are also discussed. Finally, this chapter discusses the effective parameters involved
in etching and also states the varied parameter in etching our MCNPs. We also
explain the etching process with the aid of a schematic and show the etching set up
used in this research.

3.1

FORMING THE TEMPLATES
EMPLATES
Many capillary templates have been manufactured for different applications.

These
hese include the single bore capillary templates and multibore capillary templates.
To fabricate our MCNPs, multibore capillaries are utilized– capillaries with multiple,
independent channels, distinctly separated from one another. This research
concentrates
ntrates on quartz theta (QT),
(QT) a multibore capillary with two independent and
distinct channels separated by a glass
septum, running longitudinally through the
center of the capillary. Itss cross section is

Figure 3.1: Cross section of Quartz
Q
Theta

depicted in Figure 3.1. QT has an overall
capillaryy dimension of 1.2mm outer diameter, 0.9mm inner diameter and length
7.5cm. This research also reports steps taken for the implementation of our MCNPs
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in intracellular applications. With background knowledge from literature, we
fabricated our MCNPs in three steps – pipette pulling, carbon deposition and etching.
3.1.1 Forming the Micropipettes: The Pipette Puller
A pipette puller (Sutter P2000F) was used to pull the quartz capillaries. The
Sutter P2000F Pipette Puller is a CO2 laser based pipette puller designed to pull
pipettes for intracellular recording and injection. It produces very sharp and fragile
pipette tips whose geometry depends on the program parameters. The P2000F
pipette puller has five (5) parameters that can be varied to produce the desired
pipette geometry.

•

Heat:

Specifies the output power of the laser, and consequently the

amount of energy supplied to the glass.
•

Filament:

Describes the scanning pattern of the laser beam that is used in

supplying heat to the glass. Each filament value defines the longitudinal
length and the rate of laser scan.
•

Velocity:

This parameter defines the velocity at which the glass carriage

must be moving before the hard pull is executed.
•

Delay:

This controls the timing of the start of the hard pull relative to the

deactivation of the laser.
•

Pull:

The pull parameter controls the force of the hard pull

The pipette puller is shown in Figure 3.2 below displaying the protective lid.
This should be closed before pulling to shield the operator from the laser beam. The
screen displays the desired program and parameters, entered by the operator via the
keypad. During pulling, the laser indicator lights up and is reflected through the
protective shield. This serves as a caution wherein the protective shield should not
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be opened until the laser indicator goes off. The pipette pulling protocol is highlighted
in appendix A.

Protective Lid

Keypad
Screen

Laser indicator

Left pipette holder

Right pipette holder
Laser box

Figure 3.2: The Pipette Puller
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3.1.2 Pull Study
These parameters are specified to form individual specific programs that
eventually determine the overall geometry of our MCNPs. Pull studies
es carried out
showed the effect of varying these pulling parameters on the pipette geometries.
Pulling the capillaries into pipettes involves loading the capillary on to the puller,
setting the desired pulling program and then running the program to pull the loaded
capillary into two fine tipped pipettes, as shown in Figure 3.3.

Figure 3.3: Schematic of capillary being pulled into two pipettes

One study involved varying the Heat parameter, while other parameters are
unchanged (H-programs);
programs); another involved varying the Pull parameter, while other
parameters remain unchanged
unchang (P-programs).
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3.1.3 Estimating End Result: MCNP tip diameter
To further characterize our pipettes, we assumed a dimensional consistency
in the QT capillary upon pulling. Here we assumed that the ratio between the outer
and inner diameter of the capillary remains the same after pulling, irrespective of the
pull program used. That is;


(  )

=



(  )

…1)

Where
(



)
 

is the ratio of outer diameter to inner diameter of the capillary (before pulling)



(  ) is the ratio of outer diameter to inner diameter of the pipette (after pulling)
This assumption helps in calculating the inner diameter of our QT pipette
since the OD and ID of the QT capillary (before pulling) are known to be 1.2mm and
0.9mm respectively. Also, the OD of the QT pipette (after pulling) can be measured
using the optical microscope. The calculated ID of the pipette naturally becomes the
outer diameter of the exposed carbon at the tip of our MCNP.
To show that the assumed equation 1 holds true, and to have a good
measure of its validity, we carried out an experiment in which we calculated the IDp
of several pipettes fabricated with the same pull program, along the pipette length up
to 25µm and then etched those pipettes to expose up to 25µm underlying carbon
structure. The outer diameters (ODMCNP) of the exposed carbon at the MCNP tip are
also measured along the MCNP length. Since the IDp naturally is the ODMCNP, we
compare values of both dimensions.
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The same equation was used to estimate the ODMCNPS of MCNPs pulled with
the H-Programs.
3.2

DEPOSITING CARBON
Carbon was deposited on the lumens of the pipettes using CVD –a chemical

process that entails the thermal decomposition of a vapor. The process, in its
simplest form involves passing a vapor through a tubular reactor at high
temperature, for some time. The deposition can be controlled by varying the
temperature, depositing time and flow rate of the vapor.
3.2.1 CVD Parameters
The three governing parameters that affect results from the CVD process are:
•

Deposition temperature: The constant temperature at which the precursor gas
(in this case, Methane) is allowed to steadily decompose into its make up
constituents, gaseous hydrogen and solid carbon, which then results in the
deposition of carbon on the lumens of the pipettes present in the reactor tube.
This temperature is also known as the hold temperature.

•

Deposition time: This is the time allowed for methane to deposit on the
pipettes at the constant deposition temperature. This is also known as the
hold period.

•

Precursor gas flow rate: This is the rate at which the precursor gas (in this
case, Methane) is allowed to flow during the hold period. This rate is usually
measured in standard cubic centimeters per minute (sccm).

A previous parametric study by Golshadi et al [52] extensively characterized the
effect of each parameter on the deposited carbon thickness and other properties. It
was observed from their extensive experiments and analysis that as the deposition
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temperature increases, the deposited carbon thickness also increases. Same trend
is also observed in increasing deposition time. Increasing flow rate showed a similar
trend up until a point and then carbon thickness starts to reduce due to the lower
mass deposition caused by a too-high flow rate.
Based on this information and previous preliminary studies, we varied deposition
temperature and time for this research and kept the precursor gas flow rate at a
constant 200sccm.
3.2.2 CVD Set-Up

Lindberg/ Blue M™
Mini-Mite™ Tube
Furnace

Argon
Gas

Quartz Tube

Argon Gas
Mass Flow
Meter

Methane Gas
Mass Flow
Meter

Methane
Gas

Figure 3.4:Furnace Set up

Figure 3.4 above shows the furnace setup for CVD. For the fabrication of the
CNPs, CVD was carried out in a Thermo Scientific™ Lindberg/ Blue M™ Mini-Mite™
Tube Furnace using argon (carrier gas) and methane (precursor gas). Two flow
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meters are used here, one to control the argon gas flow rate, and the other to control
the methane gas flow rate. CVD runs were carried out at different temperatures and
time.
For the CVD run, the pipettes
pipettes were carefully loaded on to a curved quartz
boat which was glided into the furnace. A typical CVD program, as seen in Figure
3.5, is divided into three (3) distinct sections –ramp
ramp up period, hold/deposition period
and cool down period.

Figure 3.5: Time-Temperature
Temperature graph of CVD run under constant argon flow

Argon gas was allowed to flow through at a rate of 300sccm from start to
finish (ramp up period, hold/deposition period and cooling period) in order to avoid
any contamination of the pipette during the entire deposition process. At the desired
desir
deposition temperature, methane gas was passed through the furnace at a flow rate
of 200sccm for the desired deposition time after which, the furnace was set to cool
with argon flow. The CVD programs carried out in this research are reported in Table
3.1. A simple nomenclature technique is used for easy identification;
identification; where C
denotes CVD, the 3 numerical figures represent the deposition temperature in ˚C,
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and the alphabets A, B, C and D represent the deposition time, 15, 30, 60
6 and 120
minutes respectively.

Table 3.1: CVD programs used

3.3

EXPOSING
XPOSING CARBON
Etching is a process used in
i micro-fabrication
fabrication to chemically remove the

surface layer of a multilayered object. A commonly used etchant for glass (quartz) is
Hydrofluoric Acid. Concentrated
ntrated hydrofluoric acid (49% HF in water) etches SiO2
(glass or quartz) uncontrollably, thus, a buffering
buffering agent, like ammonium fluoride
(NH4F) is added. For this research, we used a 10:1 Buffered Hydrofluoric acid
(Avantor /J.T. Baker; 5175; etch rate 55nm/min), i.e. 10 parts
arts of water to 1 part of
BHF. With the etch rate of the BHF and tapered dimensions of micropipette known,
the length of carbon exposed at the micropipette tip, can be controlled by the etching
time, i.e. how long the pipette was immersed
im
in the etchant.
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3.3.1 Etching Parameters
The amount of carbon exposed at the tip of the MCNP during etching is
affected by three major parameters; the etch rate of the BHF, the etch time and
temperature. The etch rate is defined as the amount of glass thickness that can be
removed from the surface of a glass substrate in one (1) minute. The higher the etch
rate, the more glass is removed from the surface of the substrate. The etch time,
also a determining factor in how much carbon is exposed at the tip of the MCNP, is
simply how long the MCNP is in contact with the BHF. The longer the MCNP is in
contact with the BHF, the more glass is stripped off it and thus the more carbon is
exposed. Finally, the etching temperature is another important parameter that
speeds up the etch rate. The higher the etching temperature, the more glass is
stripped off and thus more carbon is exposed.
With all these factors put together, we could summarize the dependency of
exposed carbon length on the following:
= ( , , )

….2

Where:
is the exposed carbon length
is the etch rate of the BHF used
is the contact time between the MCNP and the BHF
 is the etch temperature
For this research, BHF with the same etch rate was used for every experiment
at a constant room temperature, and only the etch time was varied to observe any
general trends present.
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3.3.2 Etching Set-Up
A schematic detail of the etching process and the set up used in this research
is shown in Figure 3.6. To stabilize and maintain the tips of the micropipettes in the
etchant, we used a micromanipulator, together with a micropipette holder. The
pipettes were carefully inserted, until they were firmly gripped by the holder. The
micropipette holder was then mounted on to the micromanipulator and clamped tight.
Control knobs on the manipulator were used to move and adjust the pipette holder in
the x, y, and z direction such that the pipettes were directly above the BHF container
and that they would only come in contact with the etchant upon immersion. The
micromanipulator consists of a magnetic base designed to grip the working surface
when the magnetic grip control is turned to the ‘on’ position. It also has three control
knobs that allow movement of the micropipette holder in the x, y, and z directions.

B

A
Control
knobs

Initial quartz
edge

Exposed
Carbon tip

Uniformly etched
quartz layers

Micropipette
holder

Magnetic
grip control

BHF
BHF

Figure 3.6: A) Schematic of the etching process; and B) Etching set up
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The micropipette holder is positioned such that the BHF container is centered
about the pipettes. This is to avoid the tips coming in contact with any object but the
etchant. An etch study was also carried out to analyze the correlation between the
length of carbon exposed and the etching time on our MCNPs. Two different
approaches were utilized;
(1) Theoretical analysis: In this approach, we calculated the time needed to
expose specified lengths of underlying carbon based on the etch rate of the
BHF. We started out by measuring the outer diameters (ODp) at specified
lengths (lp) of our pipettes, thus creating an empirical linear relationship
between lp (µm) and ODp (µm).
 = 

+

…3)

We then calculated the inner diameters (IDp) at the measured ODp’susing the
assumed dimensional consistency ratio (eqn 1)


 = () . 

…1)

The thickness (t) is then calculated at the specified lengths using the equation
below:
=

 


…4)

With the etch rate, we calculate the time (τ) required to etch away a thickness,

t, of glass using equation 5.
=

!

"!# $%!&
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…5)

Where:

ODp is the outer diameter of the pipette (after pulling)
 is the slope of the linear plot of outer diameters vs pipette length (specific to
pull program)
is the length of the pipette (after pulling)
 is the intercept on the Y axis, i.e the outer diameter at the tip of the pipette at
= 0 (specific to pull program)

IDp is the inner diameter of the pipette (after pulling)


() is the ratio of inner diameter to outer diameter of the capillary (before
pulling)

 is the thickness of the pipette at a specified length and
is the time required to etch away a specified thickness of glass
Combining eqns 1, 3, 4 and 5, (see appendix B) we have
( )=

."!# $%!&
+(,-)

−

/

+



Where A = ()
For this research and analysis, the following parameters are defined:
01ℎ 3 = 55nm/min
 = 0.127 µm/µm
<=

=.>??

,.??

= 0.75

 = 0.6759 µm

36

…6)

Therefore, eqn 6 becomes:
( ) = 3.5 − 5.32
Where

…6a)

is in µm

Equation 6a was plotted as a graph of length versus time to observe the
relationship between these two parameters.
(2) Experimental analysis: In this approach, we carried out experiments using our
etching set up and BHF with etch rate 55nm/min. We etched our MCNPs for
specified times and then measured the exposed carbon lengths. This data was
also plotted on a length versus time graph.
Results from the two approaches were compared to observe any similarities or
deviations.

3.4 SUMMARY
In this chapter, we discussed the detailed step-by-step procedure for the
fabrication of our MCNPs. At the pulling stage, a couple of pulling studies were
carried out by varying pulling parameters to observe their effects on the geometry of
our MCNPs. We showed the CVD set up used during carbon deposition and
discussed the governing parameters and their relative effects on the deposited
carbon thickness as seen in literature. We went ahead and varied the parameters to
observe their effects on our templates. Finally, we discussed the general effective
parameters that affect etching results and reported that of all the three parameters,
we varied the etching time in this research.
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CHAPTER 4
CHARACTERIZATION
In this chapter, we explain and discuss the results obtained at each stage of
our MCNP fabrication. We show the effect of increasing the Heat and Pull value
during the pulling stage. We also show how to estimate the diameter of our carbon
tip using the measured diameter of the template after pulling the pipette. For the
carbon deposition, we explain the protocols observed in order to effectively view the
MCNP samples in the SEM and the trend observed in deposited carbon thickness
from varying CVD parameters.
Finally, the etching stage focuses on the results obtained from an etch study,
showing how the expected length of exposed carbon based on the known etch rate
of the BHF moderately conforms to the actual length of exposed carbon. Results
obtained from etching the fabricated MCNPs for different times are also reported and
the observed trend is depicted and discussed. Lastly, we show a comparison of the
estimated carbon tip diameter and the actual carbon tip diameter and discuss the
observed deviation.
4.1

FORMING THE TEMPLATES
In general, pipette pulling studies show there is an inverse relationship

between the taper length and taper diameter of a pulled pipette [53]. These results
also show that taper length is directly proportional to Heat and Pull, and inversely
proportional to Delay and Velocity.
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4.1.1 Calibration
ibration of Optical Microscope
To ascertain accuracy and precision in all optical image measurements, the
optical microscope (AxioScope.A1)
Scope.A1) and its imaging software, AxioVision™,
AxioVision
werecalibrated
calibrated using the PS20 Calibration Standard Slide from Pyser-SGI
Pyser
Limited.
The slide presents different shapes and geometries in a series of size progression.
The nominal dimensions of these shapes, as they appear on the slide are also given.
The protocol observed is given in appendix C. We calibrated the 10X,
0X, 50X and 100X
10
using the square
geometry and
confirmed our new
scaling using
different sizes of
different
geometries.

Figure 4.1: PS20 Calibration Standard Slide

4.1.2 Pull Study
Results obtained from the two studies carried out, H-program
H program and P-program
P
studies, are reported in Table 4.1. These results (as seen in figure
ure 4.2 and 4.3) show
that there is an inverse relationship between the taper length and taper diameter of a
pulled pipette. They also show that taper length is proportional to Heat and Pull.
There is simply, a trade-off
off between taper length and taper diameter – a long taper
length of 15mm results in a small taper diameter of 0.5µm and a short taper length of
5.0mm results in a relatively large taper diameter of 1.0µm. For easier visualization,
a plot of Heat versus taper length and taper diameter is shown
sho
in Figure
igure 4.3A
4.
below.
It can easily be seen that there is a trade-off
trade off between taper length and diameter. A
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longer taper length resulted in a smaller taper diameter while a shorter taper length
resulted in a wider taper diameter.

Table 4.1: Results from Pull Studies
Sample
H1
H2
H3
H4
H5
H6
H7
P1
P2
P3
P4
P5

H
700
750
800
850
900
950
999
900
900
900
900
900

Pulling Parameters
F
V
D
5
40
130
5
40
130
5
40
130
5
40
130
5
40
130
5
40
130
5
40
130
5
40
130
5
40
130
5
40
130
5
40
130
5
40
130

P
150
150
150
150
150
150
150
50
100
150
200
255

Taper Length
± SD (mm)
5.0 ± 0.4
8.0 ± 0.0
10.0 ± 1.1
12.5 ± 0.6
14.0 ± 0.5
15.0 ± 0.5
17.0 ± 0.6
7.2 ± 0.4
11.9 ± 0.8
13.9 ± 0.2
14.4 ± 0.4

Taper Diameter
± SD (µm)
1.0 ± 0.0
0.8 ± 0.1
0.9 ± 0.1
0.7 ± 0.0
0.8 ± 0.0
0.5 ± 0.0
0.6 ± 0.1
0.9 ± 0.1
0.6 ± 0.1
0.5 ± 0.1
0.5 ± 0.0

Figure 4.2: Pipettes showing increment in taper length with increase in Heat values
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Taper Length and Diameter dependence on
Heat
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Taper Diametr (µm)

Taper Length (mm)

Taper Length and Diameter dependence on
Pull

4.1.3 Estimating End Result: MCNP tip diameter (ODMCNP)
We estimated values of ODMCNP from the IDp calculated after pulling the
pipettes. Because these values are estimates, we etched the pipettes in order to
measure the actual outer diameter of the exposed carbon length (ODMCNP). The
result and comparison is reported in Table 4.5 section 4.3.3.
Results from estimating the outer diameter of the exposed carbon at the tip of
our MCNPs using the outer diameter of the pulled pipettes are also discussed here.
The outer diameter dimensions were measured using the optical microscope
imaging software, AxioVision™. For example, the MCNP tip diameter for pipettes
pulled with H3 was estimated to be 0.6µm and was measured to be 0.5µm. Results
from other H-programs are also presented in Table 4.5 section 4.3.3.

4.2

DEPOSITING CARBON

MCNPs were imaged using Scanning Electron Microscopy (SEM, JEOL 6400V;
20kV acceleration voltage) and the resultant micrographs were analyzed using
ImageJ™ software to characterize the geometry and dimensions of MCNPs.
4.2.1 SEM Sample Preparation
Viewing the pipettes with the SEM required a couple of preparation that allows
for convenient and efficient imaging of the sample pipettes.
1. Size reduction
The SEM at our disposal has a sample stage with a 12mm diameter surface
and thus accommodates horizontal sample of the same size. However,
MCNPs are too big to fit into the SEM since they have a pulled length of
approximately 37.5mm (overall length varies with taper length). Given this
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condition, MCNPs had to be cut short. To this end, a cutting protocol was
developed (Appendix E) to prepare the MCNPs for SEM and yet offer a
minimal vibration and shock to the exposed carbon tip to prevent breakage.

2. Enhancing Conduction
For an efficient SEM imaging, samples need to be conductive. The outer
surface area of theMCNP is glass, and because a very small carbon length is
exposed at the tip, these MCNPs are almost non-conductive on the outer
surface. This led to the development of coating protocol (Appendix F) to make
the outer surface of the MCNP SEM samples conductive by sputter coating.
These preparation steps drastically reduced the success rate of an efficient
analysis and detailed characterization of our CVD process. The obtained results are
discussed below. As a result of these vibration and shock prone steps, many of our
MCNPs ended up being fractured at the tips. Images were still captured and carbon
thicknesses were measured at these fractured tips to observe any general trend
present in the CVD process.
4.2.2 Measurement of Deposited Carbon Thickness
Typical SEM images of fractured pipettes, where the deposition of carbon on the
inner lumen of quartz can be observed, are presented in Figure 4.4 A and B. ImageJ™

software was used to measure and analyze the carbon thicknesses along the
exposed flake. The best possible view of our MCNP thickness was obtained at a tilt
angle of 45˚, thus the need to correct the measured thickness.The corrected length
was calculated using simple trigonometric ratios as shown below.
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Where  is the actual thickness of the carbon flake and
is the measured thickness as seen in the tilted SEM image

We select C920B as a case study where carbon was deposited at a
temperature of 920°C for 30minutes.Table 4.2 shows the measured and corrected
thicknesses at 4 different positions along the carbon flake and the average carbon
thickness was estimated to be 140nm.Results from the other CVD programs were
estimated in the same fashion and the analysis is shown in Table 4.3.
Despite the few data gathered from thedeposited carbon characterization, a general
trend is still observed.

Table 4.2: Measured and corrected carbon thickness at tilt 45˚ for C920B

Position

Measured Thickness Corrected Thickness
(nm)
(nm)

1
2
3

120
100
100

160
150
130

4

100

140

Avrg.

100

140
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5 µm

Carbon
channel #1
Carbon
thickness

Carbon
channel #2

1 µm

Figure 4.4A: SEM micrographs of a fractured MCNP showing the carbon channels formed within the
pulled theta glass capillary. The glass can be seen through the electron-transparent carbon film (black
arrows). Higher magnification micrographs show the thickness of the carbon film (boxed region).
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Septum
Divide

5µm

Carbon
thickness
2µm

Figure 4.4B: SEM micrographs of a fractured MCNP showing one of the hollow channels. Higher
magnification micrographs show the thickness of the carbon film (boxed region).
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The effect of varying deposition time was observed in the MCNPs, where a
longer deposition time resulted in a larger carbon film thickness. To this end, the tips
of MCNPs, manufactured at C950C and C950D, were fractured to produce cross
section outer diameters of approximately 17 µm. We measured carbon film
thicknesses of approximately 380 nm and 400 nm respectively, in these MCNPs. A
similar trend is also observed in varying deposition temperature, where we compare
the carbon film thicknesses at about 11 µm MCNP diameter in C920B and C930B.
The carbon thickness in C920B was 140 nm and the same was 260 nm in
C930B.These observed trends correspond to what we expect based on literature
[52].
Preliminary data show the possibility of a third trend, which is most likely
specific to pulled glass capillaries: variation in carbon thickness as we move away
from the tip. Measurements from SEM micrographs suggest the thickness of the
carbon film decreases axially, moving away from the MCNP tip. This was an
unintended experimental result, but it was brought to light when MCNPs with
fractured tips were imaged. Here, MCNPs manufactured at C930A with fractured tips
at outer diameters of approximately 34 µm and 110 µm were imaged. The carbon
thickness at the tip, 34 µm and 110 µm outer diameters were 220nm, 180 nm and
150 nm, respectively. This trend is also observed in MCNPs at C930B and C950C.
C930B, at a fractured tip size of approximately 8µm, was observed to have an
average carbon thickness of approximately 260nm and at a tip size of 23µm, the
average carbon thickness was approximately 150nm. Though C950C showed an
increase at first, but then eventually reduced further away from the tip –at outer
diameters of 19, 39, and 51µm, the thickness of carbon was 380, 580 and 460nm,
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respectively.These preliminary results suggest future parametric studies of how
carbon thickness varies within pulled glass capillary templates.

Table 4.3:Analysis of results from CVD programs

CVD PROGRAMS
C920B
920°C, 30mins
C930A
930°C, 15mins
C930B
930°C, 30mins
C950C
950°C, 60mins
C950D
950°C, 120mins

Tip

OUTER DIAMETERS
20-30µm
30-50µm

Tip-20µm
14µm

thickness(nm)

>100µm

140
Tip

thickness(nm)

50-100µm

34µm
220

110µm
180

8µm
thickness(nm)

23µm
260

150

19µm
thickness(nm)

150

38µm
380

50µm
580

460

14µm
thickness(nm)

400

30minutes
920°C
930°C

~11µm (8-14µm)
140nm
260nm

930°C
Tip
34µm
110µm

15minutes
220nm
180nm
150nm

950°C
1h
2h

~17µm(14-19µm
380nm
400nm

930°C
8µm
23µm

30minutes
260nm
150nm
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950°C
19µm
38µm
50µm

60minutes
380nm
580nm
460nm

4.3

EXPOSING CARBON
A typical chronological view of the above fabrication processes discussed is

shown in Figure 4.5, where the two independent carbon channels present are
observed after etching away the quartz at the tip.

10µm

Figure 4.5: Optical images of A) Pipette; B) Carbon-laden pipette; C1) Etched MCNP showing
two carbon tips; C2) Etched MCNP showing carbon tip surface profile (reflected light); and C3)
Etched MCNP showing glass surface profile (transmitted light); scale bar 10µm

49

These results show, without a doubt, that we can manufacture glass-based
MCNPs consisting of multiple, independent carbon nanostructures at their tips using
the template-based CVD nanomanufacturing technique described by Schrlau et al
(2008) [42].
4.3.1 Exposed Carbon Length per Unit Time
The H1 pipettes were etched for 2, 5, 10 and 15 minutes and carbon length of
8, 15, 27 and 88µm were exposed respectively. As we expected, the general trend
observed here depicts an increase in exposed carbon length with an increase in
time. Figure 4.6 summarizes this trend on a plot of exposed carbon length versus
etch time. The rapid increment observed after 10 minutes of etching can be
attributed to either one or a combination of the following.

Exposed Length vs Time
120

Carbon length (µm)

100
80
60
40
20
0
0

2

4

6

8
Time (mins)

10

12

14

16

Figure 4.6: Exposed Carbon length per unit time

Generally, considering our pipette geometry, the glass thickness increases as
we move away from the pipette tip, till it is equal to the initial thickness of the glass
capillary, i.e. the glass thickness gradually increases along the pipette taper and then
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becomes constant along the unpulled portion of the glass capillary. Also, the change
in thickness reduces gradually along the pipette taper, until it becomes zero along
the unpulled portion of the capillary, i.e. further movement away from the pipette tip
results in no change in thickness. We represent this as a graph of length against
thickness and relate it to the observed trend in exposed length per time in Figure 4.7.
We see that the change in length, Δl1 corresponds to a change in thickness

Δt1, and Δl2 corresponds to a change Δt2. Also, Δl1 is less thanΔl2, but Δt1 is equal toΔt2.
For clarity, let us assume that our BHF will etch away an amount, Δt1 of glass within
a change in time Δτ, then, in
any change in time, Δτ, the

Length against Thickness

A

same amount of glass should

2

be etched away. Therefore, at

Δl2

Length

position 1 and within a

1

change in time Δτ, Δt1 of glass

Δt2 = Δt1

Δl1
Δt1

was etched away to expose

Thickness

an additional carbon length of

B

Length against Time

2

Δl1 and at position 2, within a

was etched away to expose

Δl2

Length

change in time Δτ, Δt1 of glass

1

an additional carbon length of

carbon length shown in

Δl1
Δτ

Δl2. Compared to the
observed trend of exposed

Δτ

Time

Figure 4.7: A) Plot of length against thickness and B) Plot of length
against time (as seen in result)

Figure 4.6, we measured a
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change of15µm in exposed carbon length between 0 and 5 minutes, and a change of
61µm in exposed carbon lengthbetween 10 and 15 minutes.
A second explanation to the rapid increment observed after 10 minutes of
etching involves a change in the MCNP etch pattern. We would normally assume an
MCNP etch pattern as depicted in Figure 4.8 A, where glass is uniformly etched
away laterally. A very possible and highly more likely situation is the etching of glass
both laterally and axially, as depicted in Figure 4.7 B. The figure shows the exposed
carbon lengths in both etch patterns after consecutive etch of glass layers. In the
lateral etch pattern, the underlying carbon structure is not exposed until after 4

l1 < l2 < l3 < l4 < l5
l4 = l5
l5
l5
l4
l3

l4
l2
l1
l1, l2, l3 = 0

Figure 4.8: Exploded view of A) Lateral etch pattern and B) Axial and lateral etch pattern
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consecutive etch of glass layers, i.e. l1, l2, l3 = 0, also l4 = l5, where l is the length of
exposed carbon. In other words, every subsequent glass layer etched away exposes
the same amount of underlying carbon. This leads to a linear relationship between
exposed carbon length and etch time as seen in the theoretical analysis.
The combination etch pattern (lateral and axial) shows otherwise. Here the
very first layer of glass etched away exposes some length l1 of underlying carbon
structure. It is also seen here that subsequent glass layers etched away expose
more carbon length than the previous etched layer, i.e. l1 < l2 < l3 < l4 < l5. This
accounts for the exponential relationship between exposed carbon length and time
observed in the experimental analysis.
Table 4.4: Estimated time for
specified carbon length exposure

4.3.2 Etch Study
Theoretical Analysis:
Table 4.4 presents the estimated time needed
to expose specified lengths of underlying carbon
based on the generated theoretical equation.
  = 3.5 − 5.32

…6a

Experimental analysis:
We etched MCNPs for different specified times
and the exposed carbon lengths were measured.
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Length
(µm)
0.0
1.1
2.1
3.1
4.0
5.0
6.1
7.1
8.0
9.0
10.1
11.1
12.1
13.0
14.0
15.0
16.1
17.1
18.0
19.0
20.0
21.1
22.1
23.0
24.0
25.0

Etch time
(mins)
1.52
1.83
2.11
2.40
2.66
2.96
3.25
3.54
3.81
4.10
4.39
4.69
4.97
5.25
5.53
5.81
6.12
6.40
6.67
6.95
7.23
7.55
7.83
8.10
8.38
8.66

Results obtained from here were compared to those from the theoretical analysis in
Figure 4.9.
A linear relationship is observed between etch time and exposed carbon
length in the theoretical analysis and this is not far-fetched, seeing that our
estimations involved a constant ratio and simple multiplication factors. This is not the
case in the experimental analysis. This analysis shows a non-linear relationship. In
fact, the relationship borders on an exponential one. This also proves our suspected
likely etch pattern of both lateral and axial etching of glass (also notice the rapid
increment in exposed carbon per time after about 7 minutes in figure 4.9).

Figure 4.9: Comparison between theoretical and experimental exposed carbon length per unit time.
NB: Theoretical error bars are in the 10-2µm order, thus not visible at shown scale.
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The theoretical analysis, based on the lateral etch pattern, like any theoretical
analysis, should start from the origin, but here (Fig 4.9)
4. ) we see a shift in intercept
from the origin (time t = 0) to time t ~ 1.6 minutes. This is obvious from the
generated theoretical equation 6a where the intercept on the y axis is -5.32µm. This
is also explained in the etch pattern shown in the schematic in Fig 4.10
4. A, where the
first length of underlying carbon structure is exposed after 3 successive etch of glass
layers.
Figure 4.10 B also shows a schematic of the progression observed in the
combined etch pattern.
ttern. Here, we see that more carbon is exposed than with etch
pattern A (lateral etch pattern).Thus
pattern).
we can clearly conclude that the theoretical
analysis is an underestimation of the exposed carbon length because it does not
take into account the axial etching.
etching. This underestimation is seen in the upward shift
from the theoretical to the experimental analysis.

Figure 4.10: Progression of A) Lateral etch of glass and B) Lateral and axial etch of glass
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4.3.3 Comparison between Estimated End Result and Experimental Result

Table 4.5: Estimated and measured MCNP diameter

Length (µm)

Pull
Program

0.0
2.1
3.1
4.0
5.0
6.1
9.0
10.1
11.1
12.1
15.0
16.1
18.0
20.0
24.0
25.0
H1
H2
H3
H4
H5
H6
H7

Calculated IDp/
Estimated ODMCNP
(µm)
0.58
0.76
0.84
0.90
0.95
1.04
1.36
1.45
1.56
1.64
1.96
2.04
2.21
2.40
2.73
2.84
0.8
0.7
0.6
0.5
0.5
0.4
0.5
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Measured
ODMCNP(µm)
0.58
0.62
0.71
0.69
0.88
0.91
0.69
1.23
1.20
1.37
1.59
1.63
1.74
2.07
2.93
2.49
0.8
0.6
0.5
0.5
0.4
0.4
0.4

The estimated and experimental results obtained along the length of the
pipette are reported in Table 4.5 and their comparison, as depicted in Figure 4.11 A
prove the validity of our assumed consistent dimensional ratio. The measured
ODMCNP along the length of the MCNP is seen to follow the same trend, as well as lie
in line with the estimated ODMCNP (or calculated IDp). Though they are not exactly

MCNP Diameter at specified Lengths

A

4.00
3.50

Diameter (um)

3.00
2.50
2.00
1.50
1.00
0.50
0.00
0

5

10

15
Length (um)

20

25

30

MCNP Tip Diameter wrt Heat

B
0.80
0.75

Estimated MCNP OD

Tip Diameter (µm)

0.70

Measured MCNP OD

0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
600

650

700

750

800

850

900

950

1000

1050

Heat

Figure 4.11: A) MCNP Diameter at specified lengths; and B) MCNP tip diameter with respect to
Heat.NB: Error bars are either non-existent or in the 10-2µm order, thus not visible at shown scale.
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equal, an advantageous observation is that, the estimated ODMCNP is mostly always
greater than the actual, measured ODMCNP. Thus the assumed equation helps give a
value that is at its maximum tolerance. In other words, we can conclude that our
fabricated MCNP will have an OD that will mostly be less than the estimated value.
To estimate our resulting carbon tip diameter, we utilized the H-Program
pipettes. Their outer diameters were measured, and their inner diameters were
calculated using the consistent dimensional ratio. The calculated inner diameter
(Table 4.5) serves as the outer diameter of the exposed carbon at the tip of the
MCNP.
Upon the actual etching of these MCNPs, their exposed carbon tip diameters
were measured and plotted in comparison to the estimated values as seen in Figure
4.11B.The plot shows a very close conformity between both estimated and actual
values. The relative deviations between these values were evaluated and the
maximum, 2%, is observed in H4; that is, the estimated H4 value is 2% greater than
its actual measured value. The minimum relative deviation (-17%) is evidenced in
H7, that is, the estimated H7 value is 17% lesser than its actual measured value.
This preliminary estimation helps predict the diameter of the exposed carbon at the
MCNP tip, even before exposing the tip.
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4.4 SUMMARY
In this chapter, we reported all the results from characterizing our MCNPs,
from the pulling stage, carbon deposition stage and etching stage. We were able to
establish the relationship between taper length and the Heat and Pull parameters at
the pulling stage. We also reported the observed trade-off between taper length and
taper diameter of our pipettes. At the carbon deposition stage, we observed that as
temperature increases, the deposited carbon thickness increases. The same
relationship is also observed with time. For etching, we can say that an increase in
time leads to an increase in exposed carbon length and that the theoretical analysis
to estimate the exposed carbon length proved to be an underestimation. Finally, we
were able to show that the constant dimensional ratio, while not being the best
accuracy, was a good estimation of our ODMCNP.
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CHAPTER 5
FAILED FABRICATION ATTEMPTS
This chapter brings to light the previous attempts at fabricating our MCNPs.
First, we show and discuss the set-up used in fabricating our MCNPs, the
preparation involved and the time consumed. We also report the results obtained
using this set-up and the failure to achieve the desired objective of this research. The
changes made to improve our fabrication processes and upgrade our results to meet
the objectives of this research are highlighted and discussed.
5.1

FABRICATION
We pulled our templates with the same pipette puller, and results obtained

from here, follow the general pipette pulling trend discussed previously. Unlike our
current fabrication technique, the furnace used during the CVD process was the

Safety Mesh

3-zone tubular furnace

Flow meters
Argon gas

Keypad

Ethylene/
Helium gas

Figure 5.1: Carbolite™ TZF 17/600 tubular furnace
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Carbolite™ TZF 17/600 tubular furnace (Figure 5.1) –a three zone tubular furnace
with maximum operating temperature of 1700°C. The precursor gas used in this case
was 30/70 (%volume) ethylene/helium gas mixture at a flow rate of 50 SCCM and a
deposition temperature of 750°C. The CVD programs used are shown in Table 5.1.
The nomenclature here, like before, is for easier identification; where C denotes
CVD, the 3 numerical figures represent the deposition temperature in ˚C, and the
alphabets X and Y represent the deposition time, 4 hours (240mins) and 6 hours
(420mins) respectively.

Table 5.1: CVD Parameters used

CVD PARAMETERS
Time (mins)
Temperature(˚C)
240
420
700
C700X
C700Y
750
C750Y

5.1.1 Results
The first CVD run, C750Y produced MCNPs with fractured tips and with some
of them chipped off at the middle. We also observed very thick carbon deposits on
not just the inside of our pipettes, but on the outside as well (Fig. 5.2). Thus, further
fabrication processes could not be carried out, as our etchant, BHF, does not have
any etching effect on carbon. We attempted asecond CVD run, at a lower deposition
temperature, C700Y, and this resulted in MCNPs with smoother and finer tapers.
These MCNPs were then etched for 5 minutes to expose the underlying carbon
structure. The etched MCNPs were viewed and it was found out that they were not
etched at all.
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10µm

Figure 5.2: A) MCNPs before CVD and B,C) after CVD, showing thick carbon deposits on the
outside of the pipettes, Scale bar; 10µm

A control etching experiment was carried out on ordinary glass pipette using
the same BHF, to eliminate the BHF as the cause of our unetched MCNP setback.
The control experiment resulted in an undeniably etched glass pipette as seen in
Figure 5.3. This led to the conclusion that our etchant, BHF, will actually etch any
glass it comes in contact with as seen in the control sample, and that carbon was still
being deposited on the outside of our MCNPs, thus preventing the contact between
the etchant and glass.
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A

B

10µm

Figure 5.3: Quartz control pipette A) before and B) after etching; Scale bar 10µm

In an attempt to aid the selective deposition of carbon on the inside of our
pipettes, we introduced a catalyzing process used by Schrlau et a l[42]. Before
forming our templates, we catalyzed the inner lumens of the capillaries. Catalyst
used for the purpose of this research was Iron (III) nitrate nonahydrate salt.
(Fe(NO3)3.9H2O. The salt was dissolved in Isopropanol acid (IPA) to facilitate
evaporation. The solution (5.4mg of Fe(NO3)3.9H2O and 15ml of IPA) was sonicated
for 5 minutes. Application of catalyst on the inner lumens of the quartz capillaries
was done within 15 minutes of sonication. Capillaries were laid horizontally in the
pipette storage box and a drop of catalyst was touched to the tip of the capillary
using a disposable pipette. The capillary effect of the quartz capillary enabled the
flow of the catalyst from one end to the other end. The capillaries were allowed to dry
for about 24 hours after which, they were pulled into fine tipped pipettes.
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Figure 5.4: Catalyzing the capillaries

After pulling the catalyzed quartz capillaries into pipettes, a third CVD run,
C700X was carried out. The resulting MCNPs also had fine tips and smooth tapers
and were etched for 20 minutes. We also observed here that the pipettes were not
etched as there was no observable difference before and after etching.

5.2

ETCHING CARBON
As a consequence of the above setback, we attempted to get rid of the carbon

deposited on the outer surface of our MCNPs. This was done by a dry etch (plasma
etch) technique using the LAM 490 AutoEtch™Plasma etch system. The process
was done using oxygen gas at a power of 200 watt, pressure of 300mTorr, a gap of
1cm and flow rate 100sccm. The oxygen gas reacts with carbon and gives off carbon
dioxide. The entire process was run for 1.5 minutes and the dry etched MCNPs were
again etched in BHF for 20 minutes.
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We observe that the etched surface of glass is characterized by some
roughness as seen in Figure 5.5. A wet-etched MCNP, compared with a control
quartz sample, was observed to have the same etch pattern as the control sample
and thus, concluded that the MCNPs have been etched in BHF. Despite low
efficiency in fabrication techniques as well as production time, we were eventually
able to etch away glass at the tip of our MCNPs.

A
B
Figure 5.5: Quartz control pipette A) before and B) after etching; Scale bar 10µm

Finally, observations from our current working technique show that an etched
MCNP tip should appear as a smooth surface profile of exposed carbon tip, provided
all glass at the tip have been etched away rather than the rough surface profile
observed in Figure 5.5. Thus, we can conclude that the technique used here,
resulted in partially etched MCNPs.
These downsides compelled us to change our CVD equipment to one that
was used in previous studies [42] and has produced successful results.Thus, the
Thermo Scientific™ Lindberg/ Blue M™ Mini-Mite™ Tube Furnace was used in
place of the Carbolite™ TZF 17/-/600 tubular furnace.The precursor gas was also
changed; rather than use ethylene gas, we used methane gas as the source of our
carbon.
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5.3

ELIMINATING CATALYZATION STEP
Fabricating MCNPs with the new furnace utilized all of the previous

techniques –from catalyzing capillaries to etching pipettes. We observed after many
fabrications, that the catalyst was taking anywhere between 48 to 72 hours, rather
than the typical 24 hours at most, to completely dry up in the inner lumens of the
capillaries. Furthermore, during fluid delivery studies, we observed what appeared to
be dried up catalyst flakes inside the pipettes after pulling. This debris was present
all through the fabrication process until the pressure from the fluid ejection trials
pushed them all the way to the MCNP tips, thereby clogging the tips.
This led to the fabrication of MCNPs without catalyst and we were able to
produce MCNPs with carbon deposited only on the inner lumen of the pipettes. The
elimination of this step helped reduce fabrication time and also eliminated issues
encountered during fluid delivery studies.
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5.4

SUMMARY
This chapter discusses the previous methods we used in fabricating MCNPs.

We explained the failed attempts and the ensuing modification made to our
methodology. A summary of all modifications made from the start of this research to
present methodology is given in Table 5.2.

Table 5.2: Progression of methodologies from start of research to current methodology

FABRICATION
STAGES
PIPETTE
PULLING
CARBON
DEPOSITION

ETCHING

RESULTS

ATTEMPTS
1

2

3

4

5

-

-

Catalyzed
capillaries

Catalyzed
capillaries

-

Thermo scientific
Furnace

Thermo scientific
Furnace

Carbolite Furnace Carbolite Furnace Carbolite Furnace
Ethylene gas
(750°C)

Ethylene gas
(700°C)

Ethylene gas
(700°C)

BHF

BHF

PLASMA & BHF

BHF

BHF

Unsuccessful

Unetched MCNPs

Low fabrication
yield of MCNPs

Clogged MCNP tips

High fabrication
yield of MCNPs

Partially etched
MCNPs
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Methane gas
Methane gas
(920°C TO 950°C) (920°C TO 950°C)

MCNPs capable for
fluid delivery

CHAPTER 6
APPLICATION OF MCNPs
The utmost future function of our pipettes, intracellular applications, requires
approximately a 1µm taper diameter. Asides this requirement, micropipettes
designed for intracellular injections, require a short taper length to reduce friction
between the fluid and the pipette and ultimately reduce resistance to flow, driven by
pressure injection [54].
Earlier results that showed a trade-off between these two properties (taper
diameter and taper length) compelled us to try other variations of pulling parameters
to achieve the desired geometry.
6.1

MANUFACTURING INJECTION-STYLE MCNPs
In an attempt to pull a short taper length pipette, and based on the general

pipette pulling trend [53], different variations of programs were tried and it was found
that a combination of programs could be used to pull one single pipette. A 2-line
program, TL1, which gave very desirable results is shown in Table 6.1.

Table 6.1: Pulling Parameters for Injection Style Pipettes – Two-line Program

Sample
TL1

Pulling Parameters
H

F

V

D

P

700

10

50

150

60

750

15

40

140

135
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Taper Length
± SD (mm)

Taper Diameter
± SD (µm)

3.1 ± 0.5

1.3 ± 0.3

This result was compared with those previously obtained and it was found that
TL1 pipettes fall in a region of pipette length that would have been pulled with a Heat
value of about 640 and its diameter falls in a region that would have been pulled with
a Heat value of about 710. Generally, QT pipettes pulled below a Heat value of 700
result in a large diameter pipette as well as inconsistent results, which would lead to
a problem of reproducibility. Likewise, at a heat value of 710, the pipette would have
resulted in a taper length of 6.3mm, which results in a long taper that we have
deemed not suitable for our application. Knowing these facts, the results obtained
with TL1 would have been impossible to achieve with either the H-programs or the
P-programs.With the above comparisons, we have been able to identify that a
combination of programs can result in our desired pipette geometry of a relatively
short taper length and a diameter of approximately 1µm.
Furthermore, an analysis of optical images of both H and TL programs show a
difference in the rate of diameter change per unit length as we move away from the
tip of the pipette. In the H-program pipette, the rate of change was observed to
remain constant over a length of approximately 260µm, while over the same length,
a 50% increase in rate of change was observed in the TL program.This drastic
increase in rate of change of diameter per unit length shows that pipettes pulled with
the TL program exhibit a wider girth than those pulled with the H-program as we
move away from the pipette tip. This gives theTL pipettes a lower resistance to flow
during intracellular injection.
Many Intracellular Injection trials were carried out on TL1 pipettes at the
various CVD programs reported earlier –C920B, C930A, C930B, C950C and C950D.
A few of the pipettes produced desired results, but the most consistent results were
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obtained from program C930A. Although C920B was observed to produce the
thinnest layer of deposited carbon, the carbon structure exposed was too fragile and
could not withstand the associated manufacturing stresses. C930A on the other
hand, produced a carbon structure that was thick enough to withstand the associated
stresses and at the same time, thin enough, to leave the pipette tips hollow and not
clog them. Thus C930A was tagged as the most favorable of all our CVD programs
for intracellular injections.
The MCNPs were etched for different times – 2, 5, 8, 10 and 15 minutes –
and carbon structures of approximately 3, 9, 18, 18 and 35µm respectively were
exposed. These lengths of exposed underlying carbon structures were observed to
be significantly different from those exposed by the one-line programs.

Exposed Length vs Time
120

Carbon length (µm)

100

80
H1
60

TL1

40

20

0
0

2

4

6

8
Time (mins)

10

12

14

16

Figure 6.1: Exposed carbon length as a function of etching time; comparison between H and TL programs
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Although, we observe the general trend discussed earlier –a longer etch time
exposes a longer underlying carbon structure –in both H and TL programs, the
similarity ends there. Comparing both programs, we observe a downward shift from
H1 curve to TL1 curve. This shift implies that for the same etch time, a shorter
carbon length is exposed in TL1 than H1. For instance etching the MCNPs for 5
minutes resulted in an exposed carbon length of 15µm in the H1 and a length of 9µm
in the TL1. This further goes to confirm that the taper geometry of TL1 is in fact quite
different from that of H1. The 5-minute etched TL1 MCNPs were used for injection
trials.

6.2

DEMONSTRATION OF FLUID TRANSPORT

The Eppendorf™ FemtoJet™ was used to carry out our Injection trials. The
FemtoJet™ is designed to pulse fluid of femtolitre volumes with pressures as low as
the hectopascals. The two channels of our MCNPs were filled with Dextran (15µM,
tetramethylrhodamine, 1182670, Invitrogen™). The fluorescing property of Dextran
makes it a choice fluid to use for our injection trials. This property enables the
effortless visualization of the pulsed fluid when ejected from the MCNP and viewed
with theAxioObserver.A1m inverted microscope from Zeiss™. Before filling the
MCNP, Dextran was passed through a 20nm pore size inorganic membrane filter
(Anotop 10 Plus, 6809-3102, Whatman™) to establish that the fluid molecules can
easily pass through our MCNPs without clogging their tips. Also, air bubbles and
pockets were expelled from the MCNPs by applying little jolts and vibrations that
detached the bubbles and allowed their floatation to the surface of the fluid.The
MCNP was set up to eject Dextran into de-ionized water and the FemtoJet was set
to eject fluid at a pressure of 150hPa.
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Results from the injection trials are shown in figures 6.2 A and B. Figure A
shows an image of the MCNP in DI water under both reflected and transmitted light
sources. Figure B shows a chronological event of an injection trial, starting with a
fluorescing image of the MCNP, followed by an ejected pulse of Dextran at 150hPa,
and finally, an ejected gush of dextran at a much higher machine-specified pressure.

A

Tip

Septum Divide
50 µm

B

Time

Figure 6.2: A) Optical image of MCNP in de-ionized water (using reflected and transmitted light
source) and B) chronological occurrence of an injection trial (using transmitted light source only)

72

6.3

SUMMARY
We were able to demonstrate the capability of our MCNPs for intracellular

fluid injection by adjusting Pulling parameters to give a template geometry that is
effective for fluid transfer –the injection style MCNPs. The most effective CVD
program for the injection style MCNPs was also identified to be one that gave a
deposited carbon thickness that was thick enough to withstand the associated
stresses and at the same time, thin enough, to leave the MCNP tips hollow and not
clog them. We successfully demonstrated fluid transport and ejection through the
MCNPs at an injection pressure of 150hPa.
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CHAPTER 7
CONCLUSION
The detection, prevention, and treatment of prevalent death causing diseases
necessitate the development of new tools for interfacing with single live cells. Many
probes incorporating nanostructures as functional tips have been developed over the
past two decades to address this need. However, these probes are limited because
they require nanoassembly or only have one functional tip with which to probe cells.
Here, we propose a novel tool, Multibore Carbon Nanopipettes (MCNPs), a
nanoprobe with multiple independent hollow electrodes within a sub-micrometer tip
to provide parallel functionality for probing single live cells.
The MCNPs were made in 3 stages; Pipette Pulling, where the template
capillaries were pulled into the desired geometry; Carbon deposition, where carbon
is deposited on the inner lumens of the pipettes via the thermal decomposition of a
hydrocarbon gas; and Etching, where the glass at the tip of the pipette is etched
away to expose the underlying carbon structure. Although, there were failed attempts
in the fabrication of the MCNPs, we were able to identify and modify the
unsuccessful techniques of fabrication to produce MCNPs with two separate, distinct
and independent hollow carbon channels within a very small tip. It was also shown in
this research that the MCNPs are capable of effectively transporting and delivering
fluid which is an essential capability for their use in intracellular fluid injections and
drug delivery.
With the successful fabrication of a 2-tip MCNP, another area and avenue for
future work will be the fabrication of a multi-tip MCNP capable of fluid transport and
delivery. As a step forward in this future research, it has been established that, using
74

the technique in this research, a 7-tip MCNP can be fabricated to produce 7
independent carbon nanopipettes within a very small tip as shown in Figure 7.1.
These 7-tip MCNPs have not be studied and characterized like the 2-tip MCNPs;
likewise, their capability for intracellular applications. These unexplored areas of
study leave a lot of questions to be answered in a future research work.

A

Quartz template

Multiple independent carbon nanotubes

B

10µm

Figure 7.1: A) Schematic and B) Optical image of 7-bore MCNP showing multiple carbon nanostructures
at its tip; scale bar 10µm

In conclusion, MCNPs manufactured with the technique described above will
present a novel tool that is minimally invasive to single live cells and thus enables
intracellular applications without damaging the cells. With this realization, we may
see a reformation in single cell analysis, biomedical research and disease pathology
research. Furthermore, this technique offers a repeatable and low cost process of
manufacturing MCNPs thereby making it a commercially viable nanomanufacturing
technique that will enable numerous intracellular applications beyond cell probing.
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APPENDICES
APPENDIX A
PIPETTE PULLING PROTOCOL
i.

Turn on the Pipette Puller and open the protective lid.

ii.

Select the desired pull program.

iii.

Carefully load and fasten the quartz capillary in place using one of the
pipette holders

iv.

Check and ascertain that the capillary is aligned with the filament groove

v.

Loosen the pipette holder just enough to easily slide the capillary.

vi.

Slide capillary through the laser box and through the other pipette holder.

vii.

Make sure the capillary is centered around the laser box and then tighten
both pipette holders

viii.

Close the protective lid and press enter to pull the capillaries.
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APPENDIX B
DERIVATION OF THE THEORETICAL
LENGTH, AND ETCH TIME, .
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APPENDIX C
OPTICAL MICROSCOPE CALIBRATION PROTOCOL
i.

Identify the most effective geometry to use on the calibration slide.

ii.

Set the microscope to the magnification to be calibrated.

iii.

Identify the largest geometry size that is completely viewable in the field of
view.

iv.

Focus the microscope objective lens on the geometry and snap the image on
AxioVision.

v.

Select the ‘scaling’ tab on the AxioVision tool bar.

vi.

Click ‘New’ to specify the new scaling and follow the prompts by the scaling
wizard.
NB: Distance to be specified is the nominal size of the exact geometry used,
as seen on the calibration slide.

vii.

Check your new scaling by measuring the dimensions of a different sized or
entirely different geometry.

viii.

Compare with the given nominal dimensions. General accuracy is +/- 5µm
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APPENDIXD
CALIBRATION IMAGES
i.

Square progression at 10X Magnification; Scale bar 100µm

ii.

Square progression at 50X Magnification; Scale bar 20µm

iii.

Square Progression at 100X Magnification; Scale bar 10µm
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iv.

Circular Progression at 10X Magnification; Scale bar 100µm

v.

Circular Progression at 50X Magnification; Scale bar 20µm

vi.

Circular Progression at 100X Magnification; Scale bar 10µm
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APPENDIX E
CUTTING PROTOCOL FOR SEM SAMPLE SIZE REDUCTION
i.

Place a rigid block of wood on a flat table top surface

ii.

Measure and mark a cut point on your CNP

iii.

With a pair of tweezers, gently place and hold –using your non-dominant hand
– the CNP on the block of wood with the exposed carbon tip shooting out one
of the edges of the block of wood towards your non-dominant hand.

iv.

With your dominant hand, use the back edges (the smooth edges) of the
Sutter Instrument™ Ceramic Tile to gently create a groove on the CNP at
your cut point

v.

After a few gentle forward and backward movements, lift up the MCNP,
carefully hold in your hands and gently snap at the groove.
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APPENDIX F
SPUTTER COATING PROTOCOL FOR ENHANCING CONDUCTION
i.

Using a pair of tweezers, stick a conductive carbon tape on the SEM sample
stubs.

ii.

Gently place the cut MCNPs on the stubs.

iii.

Remove sputter coating lid and glass chamber.

iv.

Place stubs into the sputter coating holder and load into the chamber.

v.

Return glass chamber and lid. Be sure vent knob is fully closed, but DON’T
over tighten.

vi.

Turn on sputter coater module and then turn on control module.

vii.

Wait for vacuum to reach black line and then open main valve to Argon gas.

viii.

Open leak valve on control module. Continue until vacuum degrades to 2 to 3
mbar.

ix.

Select time on sputter coater module and press start.

x.

Adjust leak valve for -18 plasma current. You will have to continually adjust to
maintain in the -18 to -19 range.

xi.

Restart when timer runs out, if needed.

xii.

Turn off sputter coater module and then turn off control module.

xiii.

Open vent valve and close leak valve, but DON’T overtighten.

xiv.

Close main valve to Argon tank.

xv.

Gently lift the glass chamber and remove the stubs from the sputter coating
holder.

xvi.

Replace lid and chamber on O-ring.
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